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Meiosis, particularly the first, reductive division, is extraordinarily complex, and as such 
requires extensive preparation. The extended prophase of the first meiotic division provides 
developing gametes the opportunity to carry out this intense preparation. When components of 
this developmental stage are altered, catastrophic consequences, such as failure to produce 
functional gametes, may result (Lee 2009, Klovstad 2008, Updike 2011). In the case of spe-
6(hc49) C. elegans, lack of functional SPE-6 protein prevents sperm production; affected 
spermatocytes arrest in late meiotic prophase, prior to the transition into the division phase 
(Varkey 1993). Ultimately, this results in complete male infertility and prevents self-fertility in 
hermaphrodites. Although SPE-6 has been identified as an essential kinase for spermatogenesis, 
relatively little is understood about its actual role in sperm production. A systematic review of 
whether particular developmental events occur properly in the absence of SPE-6 could identify 
specific roles for the protein in spermatogenesis. This study included three main avenues of 
investigation: 1) in spermatocytes lacking functional SPE-6, what events of late meiotic prophase 
are relatively unaffected?; 2) can new markers provide a more precise characterization of the 
spe-6(hc49) arrest, originally classified as a nuclear arrest in diakinesis?; 3) in the absence of 
functional SPE-6, is there a defect in rachis detachment?  
Here, new markers were used to systematically characterize the chromatin and cytoskeleton 
remodeling events leading up to the failed diakinesis in spe-6(hc49) spermatocytes. Several 
aspects of meiotic prophase chromatin remodeling, including entry to the karyosome substage, 
were shown to be relatively unaffected in spe-6(hc49) spermatocytes. In addition, several aspect 
of M-phase entry occur independently of spe-6(hc49). For example, use of new markers revealed 
evidence of nuclear envelope breakdown, suggesting a later nuclear arrest point for spe-6(hc49) 
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spermatocytes than the originally-described diakinesis arrest. Conversely, a novel cellularization 
defect suggests a new role for SPE-6 in the rachis detachment process. 
Introduction 
Cell Division: Mitosis and Meiosis 
Most cells share a single goal to divide and participate in the production of new, 
functional cells. The vast majority of these divisions are mitotic, with the division of a single cell 
producing two genetically identical, diploid daughter cells (Alberts 2002). This process is 
defined by four stages – prophase, metaphase, anaphase, telophase – each characterized by a 
distinct set of developmental milestones, and ultimately followed by the formation of two 
independent cells via cytokinesis (see Figure 1A). The central goal of mitotic prophase is to 
prepare the already-duplicated chromosomes for division and to position the duplicated 
centrosomes (microtubule organizing centers) at the opposite poles. During the transition from 
prophase to the subsequent stage, metaphase, the nuclear envelope breaks down. The aim of 
metaphase is the arrangement of paired sister chromatids along the central axis of the cell, the 
metaphase plate. Proper attachment of the chromosomes to the mitotic spindle, oriented at 
opposite poles of the cell, allows for the regulated transition into anaphase. During anaphase, 
spindle fibers initially shorten, and then elongate, segregating sister chromatids to opposite ends 
of the cell. Over the course of telophase, the nuclear envelope begins to reform and the contents 
of the cytoplasm is segregated equally to opposite sides of the dividing cell. This process is 
accompanied by the physical division of the cell (cytokinesis), during which the plasma 
membrane pinches in towards the center of the cell, forming a cleavage furrow (Field 1999). The 
position of this cleavage furrow, formed by an actin-based contractile ring, is determined by the 
position of the spindles at opposite ends of the dividing cell (Miller 2011; Canman 2003). As the 
 6 
actin ring contracts, the cell is ultimately separated into two independent daughter cells (Miller 
2011). These daughter cells return to the interphase condition, each capable of growth and 
division.  
Although mitosis is by far the more common form of cell division, a specific subset of 
cells within sexually reproducing diploid organisms undergo a distinct form of division, meiosis. 
As part of the reproductive process, these germ cells undergo meiosis in order to produce oocytes 
and sperm – the haploid gametes (Marston et al. 2004). The haploid cells generated by meiosis, 
unlike the daughter cells produced by mitosis, have undergone the processes of crossing over and 
independent assortment, rendering them genetically unique compared to their parent cell. 
Meiosis occurs in conjunction with the developmental pathways of oogenesis, which generates 
oocytes, and spermatogenesis, which produces sperm (Geijsen 2004). Through the process of 
fertilization, these two types of gametes will ultimately fuse with each other to produce a diploid 
zygote that will give rise to a new individual. In order to generate haploid daughter cells, meiotic 
processes actually encompass two sets of division, the initial, lengthy, specialized division called 
meiosis I, and the subsequent rapid mitotic-type division of meiosis II (Page & Hawley 2003, see 
Figure 1B). The first, meiotic division is comprised of two fundamental phases: an extended 
prophase intended to prepare chromosomes for the specialized division – primarily the processes 
of homolog pairing and crossing over – and a reductive division phase in which chromosomes 
are physically segregated in order to produce new haploid cells (see Figure 1B). This initial 
phase of meiosis is followed by a mitotic-type division, during which the sister chromatids are 
first separated and subsequently segregated to opposite poles of the cell. This second division 
does not require an extended prophase, and therefore occurs much more rapidly (see Figure 1B).  
Exploring Meiosis: Progression and Regulation 
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The extraordinary complexity of mitosis and meiosis, coupled with the disastrous 
consequences of errors in cell division, means that extensive networks of proteins and signaling 
molecules tightly regulate this process (Hartwell & Weinert 1989). Mistakes in either mitosis or 
meiosis, including aneuploidy – the improper and unequal segregation of chromosomes between 
daughter cells – may impact the fate of the resulting daughter cells and their ability to function. 
However, since meiotic processes drive the production of gametes, mistakes such as aneuploidy 
may result in embryonic lethality or morbidity, affecting the fate of an embryo. Due to the 
potentially repercussions of meiotic defects, this process is tightly regulated by extensive 
networks of protein and signaling molecules (Nebreda 2000). This regulation occurs extensively 
during the extended prophase of the first meiotic division during both spermatogenesis and 
oogenesis, ensuring that cells are sufficiently organized and have all necessary materials before 
proceeding into the rapid meiotic divisions (Reinke 2000).  
 The extended meiotic prophase shared by both spermatogenesis and oogenesis allows 
developing gamete cells to undergo chromatin organization and produce some of the cellular 
materials necessary for the reductive division of meiosis I (Ohkura 2015; see Figure 2A). 
Meiotic prophase begins with the chromatin organization events of leptotene and zygotene, 
during which homologs, anchored to the nuclear envelope of the cell, pair. Then, during 
pachytene, a protein scaffold known as the synaptonemal complex forms between paired 
homologs, ensuring that they are properly aligned (Page & Hawley 2003; see Figure 2B). This 
facilitates the process of crossing over, during which segments of chromatin are exchanged 
between paired homologs. Following the successful completion of crossing over, cells exit 
pachytene and proceed into diplotene or diakinesis (Church 1995). During diplotene, the 
synaptonemal complex is disassembled, though paired homologs remain attached at the 
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chiasmata (Page & Hawley 2003). Entry to diakinesis, on the other hand, is characterized by 
significant chromatin condensation and compaction (Church 1995). Soon after, the nuclear 
envelope breaks down, signaling entry to pro-metaphase, and marking the exit from the 
preparatory process of prophase to active division.  
In some instances of gametogenesis, there is an additional sub-stage within meiotic 
prophase that follows diplotene and precedes diakinesis. This “karyosome stage” is associated 
with the oogenesis program of many species, including Drosophila melanogaster and humans 
(Gruzova 1993); however, in C. elegans, it is a spermatogenesis-specific feature (Shakes 2009). 
This stage remains poorly understood in any organism, including C. elegans. During the 
karyosome stage, the chromatin condenses tightly into a single mass and transcription is turned 
off (Shakes 2009). The shift in chromatin organization during karyosome suggests that this stage 
may function as both a critical remodeling and holding stage during late meiotic prophase, giving 
the cell a chance to prepare for the rapid meiotic divisions. Exit from the karyosome stage is 
characterized by a change in chromatin morphology during which the bivalents (the paired 
homologs) begin to disperse, marking entry to diakinesis. Proper condensation of chromatin 
during the karyosome stage is vital for normal progression through the meiotic divisions. The 
karyosome stage is host to important events – including kinetochore assembly and changing 
microtubule organization – making it a major transition in C. elegans spermatogenesis. As such, 
defects in the karyosome stage have been associated with failed gamete production (Lee 2009, 
Klovstad 2008).  
 Once meiotic prophase is completed, a rapid succession of two divisions takes place. 
Following nuclear envelope breakdown, homologous chromosomes are aligned along the center 
of the cell –  the metaphase plate – by microtubules, a process referred to as congression (Page & 
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Hawley 2003). However, recent findings in Drosophila suggest that this congression process 
may not be necessary in acentrosomal systems following compaction into a karyosome (Maiato 
2017). Once the microtubules have securely attached to the chromosomes arranged on the 
metaphase plate, the bipolar tensile force exerted on the chromosomes by the microtubules leads 
to degradation of the protein complex, cohesin (Siomos 2001). When the cohesin complex is 
intact, it inhibits segregation of chromosomes if the microtubules are not securely attached, 
protecting against aneuploidy. However, successful orientation of chromosome on the metaphase 
plate and proper attachment of microtubules to the kinetochores leads to the activation of the 
anaphase promoting complex, an E3 ubiquitin ligase that targets securin for destruction. Securin 
normally prevents separase from degrading cohesin, and in its absence, the enzyme, separase, is 
able to cleave a portion of the cohesin complex. Once the cohesin complex is degraded, the 
spindle fibers begin to shorten, segregating homologous chromosomes, linked at the chiasmata, 
to opposite poles of the cell (Page & Hawley 2003). The cell then undergoes cytokinesis, 
forming two new daughter cells with half the number of chromosomes as the parent cell. 
Therefore, this first division is a reductive one, in which cells go from diploid to haploid. This 
first cytokinesis event is followed by a rapid prophase stage – this second meiotic prophase is so 
swift that the nuclear envelope does not reform around the genetic material. Once again, 
chromosomes first align along the central axis of the cell by meiotic spindles, and sister 
chromatids are pulled to opposite ends of the cell. The cell then undergoes cytokinesis, yielding a 
second set of daughter cells (Marston et al. 2004). In the case of spermatogenesis, this series of 
divisions typically yields four functional, haploid spermatocytes (Trivers 1972). However, in the 
case of oogenesis, each division results in the production of one viable daughter cell and one 
polar body, ultimately producing a sum total of two polar bodies and a single, much larger, 
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haploid oocyte. The speed and complexity of these divisions relies on the extended preparatory 
stage of the first meiotic prophase. 
Overview of C. elegans Spermatogenesis 
 In the case of C. elegans spermatogenesis, the events of the meiotic divisions occur along 
the gonad, which is linearly and temporally arranged (Hirsch 1976). Therefore, as spermatocytes 
move from the most distal end of the gonad to the most proximal aspect, they also progress 
through the developmental stages of meiotic prophase. As a result, developing spermatocytes can 
be staged according to their position along the gonad, in conjunction with appropriate markers. 
The most distal end of the gonad is occupied by stem cells undergoing mitotic divisions (see 
Figure 3A). Eventually, these cells move out of the niche of the distal tip cell and transition into 
the earliest stages of meiotic prophase – leptotene and zygotene – in a region of the gonad 
designated as the transition zone (Jaramillo-Lambert 2007, see Figure 3A). The next segment of 
the gonad is devoted to pachytene-stage cells, followed by diplotene, and then karyosome stage 
cells (Shakes 2009, see Figure 3A). Up until this point in development, all developing 
spermatocytes form part of the syncytium – cells are connected to a shared cytoplasmic bridge, 
known as the rachis (L’Hernault 2006, see Figure 3A, 4). Since these developing spermatocytes 
are not fully independent cells, as spermatocytes transition from karyosome to diakinesis, they 
must detach from the rachis, which provides resources for development, before initiating the 
meiotic divisions (Shakes 2009, see Figure 4B). This cellularization process of rachis 
detachment yields individual cells that are able to undergo the meiotic divisions. Following 
rachis detachment, cells enter diakinesis, the final stage of meiotic prophase. The remaining 
region of the proximal gonad is devoted to the actual meiotic divisions and the storage of the 
mature spermatids within the seminal vesicle (see Figure 3A). The unique features of the C. 
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elegans gonad, in particular the organization of the germline, make it an interesting model for 
studying spermatogenesis. 
The events of this spermatogenesis program in C. elegans are coordinated at a variety of 
levels – major mechanisms of regulation include transcriptional, translational, and post-
translational controls (Reinke 2000). In the distal mitotic region of the gonad, cells in the male 
germline are controlled by a transcription factor, TRA-1, that, when absent, leads to the 
expression of sperm-specific transcripts and proteins in spermatocyte-fated cells (Emmons 
2014). This transcriptional and translational control of protein activity in spermatocytes persists 
through most of meiotic prophase. Once spermatocytes enter the karyosome sub-stage, 
transcription ceases and modification of protein activity becomes limited to translation of 
existing transcripts and post-translational modification of proteins (Shakes 2009). Although 
ribosome production ceases following degradation of the nucleolus during late diplotene, 
ribosomes continue actively translating proteins until the end of meiosis II. During this final 
stage of meiosis, mature spermatids become independent cells, shedding most of the cytosolic 
materials, including tubulin and ribosomes, into a central, shared residual body. Given the lack of 
transcriptional and translational activity after the meiotic divisions, events in spermatids are 
controlled almost entirely at the post-translational level.  
 During the early phases of meiotic prophase, expression of many spermatocyte-specific 
genes is controlled by the transcription factor, SPE-44 (Kulkarni 2012). Loss of this protein is 
associated with significant defects in spermatogenesis, and ultimately results in sterility due to a 
failure to produce sperm. In spe-44 mutants, the early portions of meiosis, including the 
pachytene and karyosome stages are undisrupted, but these mutants display an extended division 
zone, containing misshapen cells and decreased numbers of normal spermatids, suggesting a 
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possible cell cycle arrest. SPE-44 induces the expression of various crucial sperm-specific genes, 
including a subset of genes related to Major Sperm Protein (MSP), a cytoskeletal protein unique 
to C. elegans spermatogenesis.  
In mature spermatocytes, MSP provides structure and motility. This function is especially 
important given that spermatid production requires a significant portion of the cell’s mass to be 
shed to residual bodies, including cytoskeletal elements such as actin and tubulin (Ellis & 
Stanfield 2014). MSP is produced in the cell early in spermatocyte development – mid-way 
through meiotic prophase – and is initially packaged into fibrous bodies, or FBs. FBs are 
aggregations of filamentous MSP bound by a membrane provided by the Golgi-derived 
membranous organelles (MOs). These FB-MO complexes, docked to the plasma membrane in 
spermatids, break down during sperm activation, when MOs fuse with the plasma membrane, 
releasing MSP into the cytoplasm. During the process of sperm activation, cytosolic MSP 
relocalizes to form a pseudopod, allowing sperm cells to crawl and fertilize oocytes.  Sperm 
activation of male-produced sperm normally occur within the hermaphrodite uterus, rather than 
within the male seminal vesicle. Hermaphrodite sperm activation is initiated by signaling 
molecules – potentially zinc ions – located in the hermaphrodite spermatheca, while male sperm 
activation relies more heavily on proteases that are part of the ejaculate  (Ellis & Stanfield 2014). 
Sperm activation following transfer of spermatids to hermaphrodites is also facilitated by the 
absence of the sperm activation inhibitor, SWM-1 located in the male gonad (Stanfield & 
Villenueve 2006). Sperm activation promotes organization of MSP into a pseudopod, allowing 
the activated sperm to crawl and potentially fertilize an oocyte (Ellis & Stanfield 2014). 
Although MSP was initially produced as a result of expression of the SPE-44 transcription factor 
early in spermatocyte development, ultimately its organization into pseudopods to form 
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functional sperm following the meiotic divisions is mediated by post-translational modifications 
in the cell. 
Mechanisms of Post-translational Modification: Kinases 
 Some of the most important post-translational modifications in sperm production include 
reversible phosphorylation and dephosphorylation. The addition or removal of a phosphate group 
to a substrate can alter protein activity. The actions of phosphorylation and dephosphorylation 
are carries out by kinases and phosphatases, respectively (Manning 2005, see Figure 5A). In the 
case of phosphorylation, a kinase associated with ATP binds to a substrate, converting ATP to 
ADP and leaving a single phosphate group attached to the substrate.  The addition of this 
negatively-charged phosphate group to a substrate protein induces either activation or repression 
of substrate activity, allowing protein to carry out a new function within the cell. This is the case 
with proteins that activate cell cycle activity – cyclin dependent kinase (CDK) is activated by 
phosphorylation of a threonine residue by cyclin-activating kinase (CAK), and this CDK 
phosphorylation helps induce CDK activity (Morgan 1995). The activity of a substrate can be 
returned to its pre-phosphorylated state through dephosphorylation, during which phosphatase 
enzymes bind to phosphorylated substrates and induce the release of a phosphate molecule. 
Reversible phosphorylation as a method of altering protein activity is especially important in the 
context of other mechanisms to alter protein activity in a cell. Alternate mechanisms can include 
either degradation of proteins in order to downregulate protein activity or synthesis of new 
protein in order to upregulate protein activity. The degradation and subsequent re-synthesis of a 
protein takes significantly more time, energy and resources to alter protein activity compared to 
its regulation by a kinase and phosphatase, which can rapidly enact reversible changes in activity 
through post-translational modifications. 
 14 
spe-6 Mutants 
 In the study of C. elegans gametogenesis, “spe” mutants refer to spermatogenesis-
defective mutants that are unable to produce functional sperm (L’Hernault 2006). The mutants 
present with impaired fertility or complete infertility due to the lack of a protein required for 
spermatogenesis. Most of these spermatogenesis defects were discovered through a classic 
genetic screen, in which a population of adult worms is lightly mutagenized to induce random 
mutations in their gametes. The screen selects for mutant F2 (“grandchildren”) worms in which 
normally self-fertilizing hermaphrodites that lay unfertilized oocytes instead of embryos – 
indicating a failure to produce functional sperm. If mutant hermaphrodite fertility is restored 
after mating with wild type males, then the mutation is most likely in a sequence required for a 
protein involved specifically in sperm production (Nishimura 2010). In other species, infertile 
males could be indicative of a sperm production defect in males, but it could also indicate a 
physical or behavioral defect in the male or female mating process or general sterility defects 
that affect both spermatogenesis and oogenesis (Castrillon 1993). C. elegans are a particularly 
unique and powerful model system because screening for effectively feminized hermaphrodites, 
specifically isolates sperm production mutants. Once these C. elegans spermatogenesis-defective 
mutants are identified, this process can be studied in either males or hermaphrodites in order to 
understand the role and function of the altered in spermatogenesis.  
 One such mutant is spe-6, which encodes an essential kinase for sperm production. SPE-6 
belongs to the casein-kinase 1 (CK1) superfamily, which contains a wide range of kinases 
involved in cell differentiation, division, and many other processes across eukaryotes (Muhlrad 
& Ward 2002; Knippschild 2005, see Figure 5B). Members of the CK1 superfamily are 
conserved among many eukaryotes, including yeast, humans, Drosophila, and C. elegans (Gross 
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1998). In C. elegans, the CKI family has 10 families, including a greatly expanded Worm6 
subfamily with 28 members, one of which is SPE-6. In contrast, humans only possess 5 small 
CKI subfamilies, which do not include the Worm6 family (Manning 2005). As a result, the 
closest relative of SPE-6 among human proteins is the Tau Tubulin Kinase (TTBK) family, 
which contains both the human TTBK1 and TTBK2 proteins. Of the two human proteins, 
TTBK2 shares greater similarity to SPE-6, with 75.5% sequence homology (Wormbase). TTBK1 
and TTBK2 are both expressed in human neurons, and have a role in phosphorylating the 
microtubule-stabilizing protein, tau (Bouskila 2011; Tomizawa 2001; see Figure 5C). However, 
unlike TTBK1 which is primarily expressed in neuronal cells, TTBK2 is expressed in a wide 
variety of cell types with particularly high levels in brain and testis. As such, defects in TTBK 
proteins have been associated with a variety of neurodegenerative disorders, including 
Alzheimer’s disease, in the case of TTBK1, or spinocerebellar ataxia 11, in the case of TTBK2 
(Houlden 2007, Goetz 2012). A TTBK2 homolog in Drosophila has also been isolated as having 
a potential role in mitotic spindle organization during the cell cycle (Ikezu 2014).  
 Although SPE-6 has been identified as an essential kinase for spermatogenesis, relatively 
little is understood about its actual role in sperm production. There are two broad classes of 
potential spe-6 mutations, null alleles and less severe alleles. Null alleles, such as hc49, produce 
no functional SPE-6 protein, and as a result, are completely infertile (Varkey 1993). During 
meiotic prophase, spe-6(hc49) mutant spermatocytes are unable to polymerize MSP, a major 
cytoskeletal defect. This mutant has been described as having a nuclear arrest in diakinesis (see 
Figure 3B, 3C). Interestingly, spe-6(hc49) mutant spermatocytes do undergo the cytosolic 
events of spindle formation and meiotic centrosome duplication, suggesting temporally distinct 
arrest points for the nuclei and cytosol of these mutants. In the case of less severe spe-6 alleles, 
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such as the temperature-sensitive allele hc187, minimal levels of SPE-6 protein produced at the 
restrictive temperature is sufficient to carry out the role of the kinase in early spermatocyte 
development (Peterson 2015). Other less severe spe-6 mutants successfully undergo the meiotic 
divisions and produce normal spermatids, but display minor defects in MSP organization in 
spermatocytes (Varkey 1993). Normally, spermatids become motile spermatozoa, capable of 
fertilizing an oocyte, through a tightly regulated sperm activation process. During sperm 
activation, signals outside the spermatid – typically from the hermaphrodite – induce MSP 
reorganization from the FB-MO complexes to the pseudopod used for crawling. However, in less 
severe spe-6 worms, spermatids activate precociously, prior to mating with a hermaphrodite 
(Ellis & Stanfield 2014). The phenotypes of null and less severe alleles suggest an initial role for 
SPE-6 in early spermatocyte development, as well as in late sperm maturation as a brake to 
sperm activation until the receipt of proper signals.  
 The role of SPE-6 as an inhibitor of sperm activation until proper signals are received has 
been investigated thoroughly in recent years. Previous work done in the Shakes lab more fully 
characterized the role of SPE-6 in sperm activation through investigations of several less severe 
alleles. This prior investigation detailed the changes in subcellular localization of SPE-6 protein 
during development (Peterson, 2015; see Figure 5D). In addition, this work isolated the role of 
SPE-6 as a block to sperm activation, and that once spermatids have been activated into motile 
spermatozoa through the formation of a pseudopod, SPE-6 localizes primarily to the pseudopod.   
Central Questions 
 Although recent investigations have further elucidated the role of SPE-6 in later 
development and sperm activation, relatively little is understood about the role of SPE-6 in early 
development (Muhlrad & Ward 2002, Peterson 2015). The abrupt developmental arrest of spe-
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6(hc49) mutant spermatocytes following fairly normal prophase suggests a critical, but not well-
understood, role for SPE-6 in spermatocyte development (Varkey 1993). The goal of this 
investigation rests on three central questions, each focused on further characterizing the role of 
SPE-6 in C. elegans spermatogenesis.  
1) In spermatocytes lacking functional SPE-6, which events of late meiotic prophase are 
relatively unaffected? Examined aspects of development include synaptonemal complex 
disassembly, termination of ribosome assembly, downregulation of transcription, 
chromatin remodeling, and P granule morphology. 
2) Can new markers provide a more precise characterization of the spe-6(hc49) arrest, 
originally classified as a nuclear arrest in diakinesis? A marker labeling the nuclear 
envelope allowed for visualization of nuclear envelope breakdown, while a labeling of 
substrates of cell cycle kinases characterized biochemical advance through the cell cycle. 
Finally, a centrosome marker allowed for improved characterization of microtubule 
changes.  
3) In the absence of functional SPE-6, is there a defect in rachis detachment? The physical 
separation of spermatocytes from the rachis during the karyosome to diakinesis transition  















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SPE-6 Localization throughout Wild Type Spermatogenesis 
The localization of SPE-6 during later stages of spermatogenesis, particularly over the 
course of sperm activation, has recently been characterized but relatively little is known about 
the pattern of SPE-6 expression during early development. SPE-6 protein is initially expressed 
during the pachytene sub-stage early meiotic prophase (Peterson 2015; Figure 6A), alongside 
the initial expression of many other sperm-specific genes (Chu and Shakes 2012). However, 
unlike many of these genes, SPE-6 expression is not controlled by SPE-44, a master 
transcriptional regulator for at least a third of spermatogenesis-specific genes, including MSP 
(Kulkarni 2012). Throughout meiotic prophase, and even following the transition into the 
meiotic divisions, SPE-6 remains cytoplasmic (Peterson 2015; see Figure 6A and 6B). During 
the budding divisions following meiosis, SPE-6 re-localizes near the chromatin – likely 
associating with the RNA shell that surrounds coats post-meiotic chromatin mass; there is no 
nuclear envelope in these post-meiotic sperm (Peterson 2015; Wolf 1977). This perinuclear SPE-
6 morphology is altered by sperm activation, during which some or all SPE-6 migrates to the 
pseudopod (Peterson, 2015). Despite our growing understanding of post-meiotic assembly of 
SPE-6 around the spermatid chromatin following the meiotic divisions, very little is understood 
about SPE-6 activity prior to this stage, despite the fact that the spe-6(hc49) arrest point precedes 
the meiotic divisions. It should also be noted that both wild type and spe-6(hc49) heterozygotes 
produce sufficient functional SPE-6 protein during early development to carry out 
spermatogenesis, including the meiotic divisions and the post-meiotic budding division. 
However, in the case of spe-6(hc49) mutants, there is no SPE-6 labeling (see Figure 6A). This 
lack of labeling might occur either because no functional SPE-6 protein is produced or because 
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the premature stop codon encoded by hc49 truncates the protein prior to the region where the 
antibody binds. In short, SPE-6 is first expressed during pachytene, and remains in a diffuse 
cytosolic pattern until the formation of spermatids. The extended expression of the protein, in 
addition to its localization pattern, could suggest multiple roles for SPE-6 in early development. 
MSP polymerization is dependent on the presence of SPE-6 
 MSP is responsible for the crawling motility of activated C. elegans sperm. However, due 
to the lack of protein synthesis following the segregation of ribosomes to the residual body, and 
the lack of transcription following entry into the karysome stage, synthesis of MSP initiates as 
early as the pachytene sub-stage of meiotic prophase (Shakes 2009). For much of spermatocyte 
development, newly synthesized MSP is sequestered within fibrous bodies (FBs), which form 
complexes with Golgi-derived membranous organelles (MOs). These FB-MO complexes first 
appear around late diplotene or karyosome, and persist in spermatids (see Figure 7A, white 
arrow and light gray arrow). Ultimately, FBs are disassembled during spermatid maturation, 
and MSP is released from these complexes (Ellis & Stanfield 2014). Then, during the sperm 
activation process, spermiogenesis, MSP is assembled into a pseudopod that allows sperm cells 
to crawl and fertilize oocytes. The original investigation of spe-6(hc49) spermatocytes revealed 
that MSP was produced in the absence of SPE-6, but was not packaged into FBs (Varkey 1993). 
Normal MSP expression in spe-6(hc49) spermatocytes is shown in Figure 7A, indicated with 
blue arrows, indicating that SPE-6 does not have a role in MSP expression. However, spe-
6(hc49) spermatocytes do not display any FB-MO complexes, even at the most proximal end of 
the germline suggesting that SPE-6 has a role in MSP organization in primary spermatocytes (see 
Figure 7A, green arrows). This can be observed more closely in Figure 7B, which displays the 
assembly of MSP into FB-MO complexes during the transition into karyosome, and the absence 
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of this MSP assembly in spe-6(hc49) males. This cytoskeletal defect temporally precedes other 
defects associated with spe-6(hc49) spermatocytes, suggesting that it is not fallout from the 
nuclear arrest. 
Synaptonemal complex assembly and breakdown is independent of SPE-6 
Chromatin organization and reorganization throughout meiotic prophase is complex and 
precisely timed. One of the most critical chromatin remodeling events during this stage of 
development is the formation and subsequent breakdown of the synaptonemal complex, a protein 
scaffold that forms during the pachytene sub-stage of meiotic prophase and aligns paired 
homologous chromosomes (Colaiacovo 2003). Although not required for crossing over, the 
synaptonemal complex facilitates the proper alignment of homologous chromosomes and 
enhances the fidelity of crossing over, a hallmark of late meiotic prophase. The synaptonemal 
complex eventually breaks down during the diplotene sub-stage of meiotic prophase, which 
follows the pachytene stage and directly precedes the dramatic chromatin remodeling events of 
the karyosome stage. In developing C. elegans spermatocytes, late diplotene is characterized by 
the absence of the synaptonemal complex, and this is one of the crucial events that allow cells to 
enter the karyosome stage (Shakes 2009).   
Due to the chromatin reorganization defects that appear slightly later in spermatogenesis 
of spe-6(hc49) mutants, we hypothesized that more subtle abnormalities may occur in earlier 
chromatin reorganization events, such as synaptonemal complex break down. To evaluate this, 
isolated gonads from spe-6(hc49) homozygotes, spe-6(hc49) heterozygotes, and him-5 wild type 
worms were labeled with an antibody against the SYP-4 protein, one of several proteins that 
forms the synaptonemal complex. As seen in Figure 8, both spe-6(hc49) heterozygotes and 
homozygotes displayed early spermatocytes in the mitotic and transition regions of the gonad 
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that are negative for SYP-4 staining. Positive SYP-4 staining appears during the pachytene sub-
stage, and is characterized in both mutant homozygotes and heterozygotes, as in wild-type 
worms, by a strand-like morphology, with negatively staining X chromosomes. The X 
chromosome is unpaired, and therefore is not associated with a synaptonemal complex (She et al. 
2009). As the developing spermatocytes proceed into the diplotene sub-stage, the synaptonemal 
complex begins to break down, and the ‘strands’ of SYP-4 are visibly shortened in these cells as 
the protein scaffold is dismantled. By late diplotene, which precedes the chromatin 
hypercondensation that characterizes the karyosome stage, SYP-4 labeling can no longer be 
detected. Ultimately, there were no identifiable abnormalities in the initial assembly or eventual 
dismantling of the synaptonemal complex in mutant worms lacking the SPE-6 protein. The 
consistency in SYP-4 morphology across spe-6(hc49 )homozygotes, spe-6(hc49) heterozygotes, 
and wild-type C. elegans suggests that the SPE-6 protein is not directly required for either the 
formation or degradation of the synaptonemal complex.  
Role of P granules in germline development uninterrupted by loss of SPE-6 
P granules, non-membrane bound conglomerations of RNA and proteins, are conserved 
maternally-derived germline determinants in embryos (Updike & Strome, 2010). As the C. 
elegans-specific germ granule, P granules also belong to a field of increasing interest, stress 
granules and liquid droplets, which have been implicated in contributions to the development of 
neurodegenerative disorders (Aguzzi 2016; Li 2013). P granules, which contain almost solely 
mRNA and associated proteins, have been proposed as mechanisms of post-transcriptional 
control during gamete development, protecting mRNA from destruction and sequestering mRNA 
transcripts away from translational machinery until the proper time (Parker & Buchan 2009). The 
role of P granules both in early embryos and in developing gametes is crucial, possible as a 
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mechanism for response to cellular stimuli – loss of P granule function is associated with defects 
in gamete or organism development (Updike 2011). As a result of this critical developmental 
function, it was suggested that SPE-6 could potentially be involved in P granule production or 
maintenance, hypothetically contributing to the developmental defects observed in spe-6 
mutants. 
In C. elegans, P granules are localized to the cytoplasmic face of the nuclear envelope 
throughout spermatogenesis, change in size and distribution over the course of development 
(Updike 2011). Because the morphology and distribution of P granules changes throughout 
spermatogenesis, including during the diplotene to karyosome transition, we examined P-granule 
patterns in spe-6(hc49) mutants to determine if these changes in P-granules were occurring 
uninterrupted in mutant spermatocytes. Early in germ cell development – including among 
mitotically dividing germ cells – P granules are associated with the nuclear envelope (see Figure 
9A, spe-6(hc49)/+). The progression through diplotene and karyosome sub-stages is 
characterized by P granule disassembly (see Figure 9B, spe-6(hc49)/+ LD-K). By the 
karyosome-stage, only one or two large P granules remain associated with the nuclear envelope.  
Labeling P granules, through the use of the KT2 antibody, in heterozygote (effectively 
wild type) and mutant worms revealed that SPE-6 is not necessary for the major P granule 
transition during the progression from diplotene to karyosome spermatocyte development. Both 
heterozygote and mutant males displayed cells in the distal region of the gonad labeled with 
punctate P granules associated with the nuclear envelope (see Figure 9A, white asterisks). This 
pattern persisted in both worm types through the transition zone, then became considerably 
brighter during the transition to pachytene (see Figure 9A, light blue asterisks). As 
heterozygote and mutant spermatocytes advance through karyosome, the P granules mostly begin 
 29 
to disassemble and disassociate from the nuclear envelope, typically leaving only one or two 
bright, punctate P granules associated with the nucleus (see Figure 9A, gray asterisks). The 
cytoplasm of these late meiotic prophase- and early meiotic division-stage cells contains very 
small, dimly labeled P granules.  Ultimately, labeling of P granules with the KT2 antibody 
revealed no abnormalities in P-granule morphology during development in the absence of SPE-6. 
Events related to exit from diplotene and entry to karyosome are relatively unaffected by 
the absence of SPE-6 
 
 The karyosome stage, which follows diplotene and precedes diakinesis, was recently 
identified as a major component of late meiotic prophase in C. elegans spermatogenesis (Shakes 
2009). Notably, identification of the karyosome stage occurred after the original 
characterizations of spermatogenesis in spe-6(hc49) worms (Varkey 1993). Thus to determine 
whether defects in the karyosome stage might be associated with later, secondary defects, such as 
meiotic arrest, the karyosome stage was carefully characterized in spe-6(hc49) males (Lee 2009, 
Klovstad 2008). Entry to the karyosome stage is characterized by transcriptional inactivity and 
compaction of the chromatin into a single tightly-condensed mass within an intact nuclear 
envelope (Shakes 2009). Entry to the karyosome stage is also contingent upon proper exit from 
the preceding stage, diplotene. Exit from diplotene is traditionally characterized by complete 
disassembly of the synaptonemal complex, but diplotene exit also involves breakdown of the 
subnuclear structure, the nucleolus (Boisvert 2007). In addition to analysis of synaptonemal 
complex with the SYP-4 marker, here we investigate three additional markers of karyosome 
entry: 1) breakdown of the nucleolus; 2) turnoff of global transcription; and 3) chromosome 
compaction as marked by the phosphorylation of histone H3 (ser10). 
This nucleolus is a substructure within the nucleus that functions as the ribosome 
biosynthesis compartment, producing the large and small ribosomal subunits required for protein 
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synthesis (Boisvert 2007). Breakdown of the nucleolus is mediated by cell cycle regulators, and 
it marks an important metabolic transition from the preparatory to the division phases of both 
meiosis and mitosis (Hernandez-Verdun, 2011). During C. elegans spermatogenesis, nucleolar 
breakdown occurs over the course of the diplotene sub-stage (Shakes 2009). As spermatocytes 
enter diplotene, the nucleolus is intact (see Figure 10A, black arrow). Throughout the early 
portion of diplotene, the nucleolus begins to break down, and by the end of the diplotene stage, 
the nucleolus should be completely broken down (see Figure 10A). Disruptions in nucleolus 
breakdown have been associated with mitotic inhibition and cell cycle arrest (Gaulden & Perry 
1958). To determine if the developmental arrest prior to division in spe-6(hc49) mutants could 
potentially be precipitated or exacerbated by a defect in nucleolus breakdown, this process was 
carefully examined. However, labeling of the nucleolus in both wild type and spe-6(hc49) males 
with DAO5-s antibody revealed no obvious abnormalities between the nucleolus breakdown 
pattern in spermatocytes. As wild type and mutant spermatocytes enter diplotene, the nucleolus 
is intact (see Figure 10D). As spermatocytes progress through diplotene, either in the presence 
or absence of SPE-6, the antibody seems to label a progressively smaller region, indicating 
breakdown of the nucleolus (see Figure 10D). Late diplotene spermatocytes are defined as 
having broken down their nucleolus but not yet exhibiting phosphorylation of histone H3 at 
serine 10 (see Figure 10D); the latter event marks karyosome entry (see Figure 10D). Taken 
together, these results indicate that nucleolus breakdown does not require SPE-6. Therefore, 
diplotene exit, as defined by nucleolus breakdown, is fairly unaffected by the absence of SPE-6, 
potentially allowing for proper entry to karyosome. 
Entry into the karyosome stage is part of the metabolic shift from the active biosynthetic 
state of prophase to the more inactive state required for meiotic divisions. This includes 
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transcriptional downregulation, characterized by RNA polymerase inactivity (Shakes 2009). As 
the chromatin condenses past a certain point, RNA Polymerase II (RNAP II) is no longer able to 
access DNA as easily in order to carry out transcription. In wild type spermatocytes, RNAP II 
remains in an active, phosphorylated state until the end of diplotene (Shakes 2009, see Figure 
10A). As spermatocytes transition from diplotene to karyosome there is a rapid inactivation of 
RNAP II. RNAP II in C. elegans spermatocytes was visualized with the anti-RNA Polymerase II 
CTD repeat YSTSPS (phospho S2) antibody, which specifically labels transcriptionally-active 
RNAP II (Komarnitsky 2000). In both wild type and mutant spermatocytes, late diplotene-staged 
cells – according to chromatin morphology – were labeled positively for RNAP II (see Figure 
10B). As chromatin condensation continued, no active RNAP II remained in either wild type or 
SPE-6 spermatocytes (see Figure 10B). These results suggest that in mutant worms lacking SPE-
6 protein, RNA polymerase is downregulated appropriately during entry to the karyosome stage. 
This finding also suggests that in the absence of SPE-6, components of the metabolic shift that 
occurs as part of the prophase to metaphase transition are able to proceed fairly normally. 
In order for developing C. elegans spermatocytes to enter the karyosome stage, chromatin 
must detach from the nuclear envelope and hypercondense into a single mass (Shakes 2009). In 
Drosophila, chromatin is anchored to the nuclear envelope by the barrier to autointegration 
factor, BAF (Lancaster 2007). Chromatin detachment from the nuclear envelope is mediated by 
nucleosomal histone kinase-1 (NHK1) phosphorylation of BAF, facilitating entry to karyosome. 
In addition, aurora kinase I, a cell cycle kinase, facilitates chromatin condensation during 
karyosome during oogenesis by phosphorylating histone H3 ser10 (Ding & Swain 2010). 
Spermatocytes with chromatin positively-labeled for phosphohistone H3 ser10 (pHisH3 ser10) 
are classified as karyosome-stage cells. In wild type worms, chromatin detachment from the 
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nuclear envelope – labeled with Mab414, an antibody against the nuclear pore complex – occurs 
in tandem with hypercondensation and turn-on of pHisH3 ser10 (see Figure 10A). In spe-
6(hc49) spermatocytes that have matured beyond diplotene, chromatin condenses and labels 
positively with pHisH3, suggesting proper entry to the karyosome stage (see Figure 10C). There 
is some question of whether chromatin is able to completely detach from the nuclear envelope; 
some immunofluorescence images suggest close physical proximity between the 
hypercondensed, pHisH3-positive chromatin mass and the nuclear envelope (see Figure 10C, 
gray asterisk). However, the level of visualization attained with immunofluorescence is not 
sufficient to draw any conclusions, especially since some spe-6(hc49) spermatocytes do appear 
to have chromatin detached from the nuclear envelope (see Figure 10C). Ultimately, this 
potential phenotype should be investigated further in order to completely rule out any nuclear 
envelope detachment defect. Taken together, these markers for exit from diplotene and entry to 
karyosome suggest that SPE-6 does not directly mediate these major aspects of karyosome entry.  
Nuclear envelope morphology suggests spe-6(hc49) spermatocytes progress into pro-
metaphase 
 
Prior investigation into the effect of the absence of SPE-6 on spermatocyte development 
indicated that spe-6(hc49) spermatocytes display a nuclear arrest at diakinesis (Varkey 1993). 
The characterization of the arrest point relied primarily on the DAPI-stained chromatin pattern of 
arrested spe-6(hc49) spermatocytes. However, the transition between diakinesis and the 
subsequent stage of development, prometaphase, is relatively subtle in terms of changes to 
chromatin organization.  A more definitive marker of this transition is nuclear envelope 
breakdown (NEBD), a hallmark of this nuclear transition from diakinesis to prometaphase 
(Shakes 2009). A major component of NEBD is typically carried out by kinases that form part of 
the cell cycle cascade (Lodish 2000). These kinases phosphorylate lamin, the intermediate 
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filament proteins that provide stabilizing interior support for nuclear envelope during interphase, 
and whose phosphorylation based disassembly results in NEBD (Niggs 1992). In C. elegans, the 
NEBD process can be visualized using Mab-414, which labels a protein in the nuclear pore 
complex (Davis & Blobel 1986). In wild type spermatocytes, NEBD signals that cells have 
entered pro-metaphase (see Figure 11A, white asterisks). During NEBD, Mab414 morphology 
shifts from a ring around the chromatin mass to two points on opposite sides of the chromatin 
mass (see Figure 11B, “PM”). The post-NEBD Mab414 pattern may be the result of vesiculated 
nuclear envelope remains collecting around the centrosomes. Surprisingly, NEBD was also 
observed in some proximal spe-6(hc49) spermatocytes, suggesting that the nuclei of these 
spermatocytes had progressed into prometaphase (see Figure 11A, white asterisks). However, a 
closer examination of spe-6(hc49) spermatocytes displaying NEBD suggests that neither the 
chromatin morphology nor the Mab414 labeling pattern is identical to that of 
diakinesis/prometaphase in wild type spermatocytes (see Figure 11B, “PM”). In terms of the 
mutant chromatin morphology, individual chromosomes are not able to be identified, as is the 
case in wild type pro-metaphase spermatocytes (see Figure 11B, “PM”). In terms of Mab414, 
spe-6(hc49) spermatocytes do not seem to display the wild-type pro-metaphase Mab414 pattern 
of two positively-labeled points on either side of the chromatin mass (see Figure 11B, “PM”). 
Taken together, these results suggest that the nuclei of spe-6(hc49) spermatocytes arrest later 
than diakinesis, as originally reported. The nuclear arrest point is likely prometaphase or 
immediately after, though there appears to be some disruption of chromatin organization prior to 




Major cell cycle event during prophase to M-phase transition occurs in spe-6 mutants 
This newly-characterized nuclear arrest was further characterized through examination of 
a cell cycle marker in arrested spe-6(hc49) spermatocytes. SPE-6 has been implicated as a 
potential regulator of the cell cycle in early development, especially in the context of the nuclear 
arrest directly preceding the transition from meiotic prophase to the meiotic divisions (Varkey 
1993). However, evidence of spindle maturation and duplication in the cytosol complicates the 
notion of SPE-6 as a cell cycle regulator. This evidence of dislocation of spindle duplication and 
nuclear events, which are typically coordinated until meiosis II, complicates the potential role of 
SPE-6 in the cell cycle. In order to evaluate the activity of cell cycle kinases – including CDK-
cyclin complexes, Polo Kinase I (PLK1), and aurora kinases – germlines were labeled with an 
antibody specific to the phosphorylated substrates of these kinases. This anti-mitotic proteins 
(MPM-2) antibody labels a variety of mitotic – or in this case, meiotic – proteins phosphorylated 
as part of the cell cycle cascade (Renzi 1997). Known MPM-2 binding targets include the 
phosphorylated forms of DNA topoisomerase IIa and MAPK, which are phosphorylated during 
G2 and subsequently dephosphorylated at the conclusion of the meiotic divisions. During early 
M phase in C. elegans spermatogenesis, MPM-2 also labels meiotic phosphoproteins that are 
associated with the kinetochores, centrosomes and chromatin masses (Golden 2000). Therefore, 
there are two major MPM-2 patterns during late meiotic prophase in C. elegans spermatogenesis. 
The first is observed during the late karyosome to diakinesis transition, when MPM-2 labeling in 
the cytoplasm begins to appear (see Figure 12B, K-Dia). Later, beginning in prometaphase, and 
lasting through the division stages of meiosis, the MPM2 labeling localizes to the chromatin. The 
later stages of meiosis are also associated with MPM2 labeling of other cytoskeletal structures, 
such as the centrosomes (see Figure 12B, PM-M). 
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In the absence of SPE-6, there are no major disruptions in either of these MPM2-marked 
developmental transitions. In spe-6 mutants, as in wild type males, initial MPM2 turn-on is 
observed during the karyosome to diakinesis transition (see Figure 12A, white arrows). In 
wildtype (heterozyogous) spermatocytes, the initial appearance of MPM2 is associated with 
diffuse labeling throughout the cytoplasm, with slightly brighter labeling throughout the nucleus. 
As spermatocytes mature and move into the meiotic division phase, the overall brightness of the 
cytoplasmic MPM2 labeling increases, but the protein continues to be diffusely distributed 
throughout the cytoplasm. As spermatocytes advance into the division phase of meiosis, the 
intensity of MPM2 labeling in the nucleus of wild type worms also increases dramatically. In 
mutants, this change in MPM2 labeling also occurs in the most proximal cells of the gonad. 
Although these cells are not classified as metaphase-stage cells because mutant spermatocyte 
nuclei display a developmental arrest before entry to metaphase, the formation and duplication of 
meiotic spindles suggests a different, later arrest point extranuclearly (Varkey 1993).  The most 
proximal spermatocytes of spe-6(hc49) worms also display greater positive MPM2 labeling in 
the nucleus compared to the cytoplasm, consistent with the pattern observed in wild type 
spermatocytes transitioning into the meiotic division (see Figure 12A, gray arrows)..  
Interestingly, the MPM2 morphology observed in the later development stages in wild 
type spermatocytes, including events such as centrosome labeling during the division phases, is 
also observed in spe-6 mutants (see Figure 12A, light blue arrows). The presence of a single 
centrosome labeled with MPM2 in the most proximal spermatocytes of the spe-6(hc49) gonad in 
Figure 12A is not entirely surprising, given the maturation and duplication of spindles that 
occurs event in the absence of SPE-6 (Varkey 1993). The presence of positively labeling MPM-2 
spermatocytes in spe-6(hc49) mutant worms indicates that early events in the cell cycle are not 
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controlled by SPE-6. More specifically, initial MPM2 turn-on, and subsequently increasing 
brightness in mutants suggest that spermatocytes lacking SPE-6 are successfully able to complete 
at least one major component of the biochemical transition into from G2 into the meiotic division 
phase. 
Spindle formation is unaffected by the absence of SPE-6, and spindle duplication proceeds 
despite the nuclear arrest at G2-M transition 
 
The original description of the spe-6 phenotype described a nuclear arrest at diakinesis, 
but noted that certain events elsewhere in the cell, such as spindle maturation and duplication, 
continued uninterrupted in the absence of SPE-6 (Varkey 1993). Spindle formation and 
development is a critical component of meiosis, with defects in this process associated with 
aneuploidy or developmental arrest (McIntyre 2012). During the karyosome stage of C. elegans 
spermatogenesis, microtubules, composed of polymerized tubulin monomers, shift from a 
network pattern in the cytoplasm to oriented around a microtubule organizing center, MTOC 
(Shakes 2009, see Figure 13D). The centrosome, which contains two cylindrical protein 
complexes – centrioles – acts as the principle regulator of the MTOCs (Doxsey 2005). 
Centrosomes are involved in spindle orientation and assembly, and are also subject to cell cycle 
regulation. As spermatocytes progress into diakinesis, the spindle duplicates, and the two 
spindles migrate to opposite poles of the cell (see Figure 13D). By pro-metaphase, when the 
nuclear envelope begins to break down, the two spindles are oriented at opposite poles of the 
spermatocyte (see Figure 13D). Following nuclear envelope breakdown, microtubules attach to 
chromosomes at the centromere, facilitating proper chromosome alignment on the metaphase 
plate (see Figure 13D). Once microtubules are properly attached to chromosomes, microtubules 
de-polymerize and shorten, causing homologous chromosomes to be segregated to opposite ends 
of the spermatocyte (Müller-Reichert 2010). In order to complete the second round of meiotic 
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divisions, the centrosome in the aster segregated to each secondary spermatocyte must duplicate 
once more. This duplication process results in two spindles, which carry out the similar process 
of sister chromatid segregation during meiosis II. 
Although tubulin spindles are able to form and duplicate in spe-6(hc49) spermatocytes, 
aspects of the MTOCs in mutant spermatocytes was not well-understood. In the absence of SPE-
6, microtubules may not be able to properly interact with binding sites on chromosomes, causing 
a developmental arrest as primary spermatocytes attempt to enter metaphase. This could be due 
to failed nuclear envelope breakdown, defects in centromere or kinetochore assembly, or 
disrupted microtubule activity. Previous experiments suggest that nuclear envelope breakdown 
does occurs in some spe-6(hc49) spermatocytes, suggesting this is not the source of failed 
microtubule interactions with chromosomes. Here, potential disruptions of microtubule activity 
resulting from the absence of SPE-6 were examined. In order to visualize tubulin organization 
and MTOC assembly, both  subunits of tubulin and SPD-2 – a component of the centriole – 
were labeled with antibodies (Müller-Reichert 2010). Initial studies revealed that centrioles are 
assembled properly in spe-6(hc49) spermatocytes and were duplicated with the rest of the 
spindle in older, arrested spermatocytes at the most proximal end of the gonad. However, these 
initial studies revealed that MTOCs and associated microtubules may dissociate from chromatin 
mass in mutants (see Figure 13A-C, light green asterisks), and that centrosomes occasionally 
become dislocated from the tubulin aster itself, particularly in older spermatocytes (see Figure 
13A-C, black asterisks). It is possible that this phenotype is a direct result of the absence of 
SPE-6, suggesting a possible role for SPE-6 in mediating the connection between MTOCs and 
microtubules. However, this pattern of centrosome over-duplication is also seen in other cell 
division arrest phenotypes,  such as S-phase arrested cancer cells, suggesting that the observed 
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centrosome dislocation could simply be fallout from the spe-6(hc49) nuclear arrest in pro-
metaphase (Vitre 2012).  
In order to isolate the timing of this phenotype, and ensure that it was not a finding 
limited to older mutant worms, a second investigation using antibodies to label the same tubulin 
and SPD-2 structures was conducted. Both heterozygote and mutant males at the last larval stage 
(L4), young adulthood (L4, plus one day), or adult (young adulthood, plus one day) were 
examined (see Figure 13A-C). While the extent of spindle duplication and centriole dislocation 
in arrested spermatocytes was more pronounced in older worms (see Figure 13B-C, blue 
asterisks), this phenotype was also observed in very young worms in the last larval stage of 
development (see Figure 13A, blue asterisks). Ultimately, these studies support the original 
description of spe-6 mutants, which suggested that spindle assembly occurs independently of the 
presence of SPE-6, including centrosome assembly and duplication. In addition, however, this 
investigation revealed a novel defect in centrosome localization relative to meiotic spindles. This 
defect suggests a potential disruption in spindle linkage to chromosomes in spermatocytes 
lacking SPE-6. Since spindles attach to the chromosomes at a complex of proteins, the 
kinetochore, built upon the centromere of the chromosomes, a disruption to spindle linkage could 
be the result of a potential microtubule, kinetochore assembly, or centromere defect associated 
with lack of SPE-6 protein. 
Examination of polymerized actin in spe-6(hc49) spermatocytes reveals a novel 
multinucleate cell phenotype  
 
In addition to the nuclear and cytosolic changes required for the transition from the 
preparatory to division phases of meiosis, there is also a major cytoskeletal shift that must occur. 
Developing spermatocytes must become independent of the shared syncytium, the rachis, during 
the transition from karyosome to diakinesis (Shakes 2009). A contractile actin-non-muscle 
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myosin II (NMY-2) ring, which also contains anillins, the actin binding scaffold proteins, ANI-1 
and ANI-2, forms the boundary between the developing spermatocytes and the central rachis 
(Amini 2014, see Figure 4B). During embryonic development, this ring contracts as a result of 
ANI-2 activation by RhoGTPase (Goupil 2017). Eventually, the mature spermatocyte becomes 
independent from the rachis, and can initiate the meiotic division. This cellularization process of 
detaching from the rachis is critical to the success of any subsequent attempts at division. 
Notably, this occurs just prior to the spe-6(hc49) spermatocyte nuclear arrest point. Therefore, it 
was hypothesized that the absence of SPE-6 might also impact this aspect of development.  
The process of rachis detachment was visualized with rhodamine phalloidin, which labels 
actin in its polymerized form, F-actin. F-actin provides structure to the cell, and is concentrated 
at the cytoplasmic face of the plasma membrane (Turunen 1994, see Figure 14A). Rhodamine 
phalloidin also labels the F-actin in the rachis, allowing visualization of this structure in gonads 
(see Figure 14A). Through the karyosome stage, developing spermatocytes in both spe-6(hc49) 
heterozygote and spe-6(hc49) homozygote males remained tethered to the rachis (see Figure 
14A, white arrows). As spe-6(hc49)/+ and spe-6(hc49) spermatocytes exit the karyosome stage, 
they separated from the rachis (see Figure 14A, gray arrows). However, some spermatocytes in 
this region of mutant gonads presented with multiple nuclei within single cells (see Figure 14A, 
bottom row, gray arrows). Importantly, not all spe-6(hc49) spermatocytes that have detached 
from the rachis are multinucleate; some mutant spermatocytes displayed a wild-type phenotype 
(see Figure 14A, light blue arrows). Initially, however, it was unclear when in development this 
defect appeared. If multinucleate spermatocytes were only present in very old worms, it could 
suggest a defect that resulted more from age than the absence of SPE-6. Aging studies revealed 
that this defect is present in very young worms, including those in the last larval stage of 
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development, L4 (see Figure 14A, left column). Examination of male worms at different ages 
also revealed that this defect worsens over time; older spe-6(hc49) males display very large cells 
with many nuclei (see Figure 14A, right column). An alternate explanation to a rachis 
detachment defect could include cell fusion or incomplete division in more distal cells. Yet, 
multinucleate cells were not present in spe-6(hc49) male germlines distal to the region of rachis 
detachment. This suggests that the multinucleate spermatocyte phenotype observed in spe-
6(hc49) males is due to a rachis detachment defect or an abnormality in an event occurring just 
after rachis detachment, implicating a novel role for SPE-6 in one of these processes. 
There are several potential mechanisms for the genesis of multinucleate cells during or 
shortly after rachis detachment: improper rachis detachment, incomplete fission, or inappropriate 
fusion. Spermatocytes will ultimately mature in to spermatozoa that will fertilize an oocyte via 
fusion, and therefore, it is possible that SPE-6 could normally function to repress the fusogenic 
properties of sperm cells, therefore resulting in premature fusion during development in spe-
6(hc49) mutants. Production of multinucleate cells via improper fission could result from 
advance into the division phase without cytokinesis, which could also be a feasible role for SPE-
6. However, the cell cycle marker MPM-2 does not indicate that spe-6(hc49) spermatocytes 
advance beyond metaphase, which is typically associated with decreased MPM-2 labeling as 
substrates of cell cycle kinases are dephosphorylated. In addition, many spermatocytes in the 
most proximal region of the gonad present with intact nuclear envelopes, which could suggest 
that there is no nuclear envelope breakdown. Taken together, these findings suggest that 
improper fission is not a likely explanation for the formation of multinucleate cells in mutant 
gonads. Figure 14B suggests that multinucleate spe-6(hc49) spermatocytes might actually be 
forming in the context of improper rachis detachment (see Figure 14B, white asterisk). This 
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image displays a multinucleate spermatocyte either on the cusp of rachis detachment, or just 
detached, given its position relative to the rachis. 
Peripheral membrane protein confirms novel cellularization defect 
In order to independently test the presence of multinucleate spermatocytes in spe-6(hc49) 
mutants, the localization of a peripheral membrane protein, ezrin/radixin/moesin-1 (ERM-1), 
was used to visualize the plasma membrane boundaries of developing spermatocytes. ERM-1 
functions as a tether between the cytoplasmic face of the plasma membrane and the polymerized 
F-actin cytoskeleton (Turunen 1994, see Figure 15B). Thus, the localization pattern of ERM-1 in 
wild type, heterozygote, and mutant spermatocytes gives a better indication of where the cell 
boundaries are, rather than relying solely on the morphology of the F-actin cytoskeleton, labeled 
with rhodamine phalloidin.  
During the mitotic and early meiotic phases of development, ERM-1 morphology is 
indistinguishable between wild type, heterozygote, and mutant spermatocytes. The periphery of 
each cell is clearly labeled with ERM-1 antibody. When spermatocytes are still attached to the 
rachis, the cells have straight edges and sharp angles, the resulting cobblestone pattern is typical 
of tight packing arrays found in biological systems to maximize usage of space (Gibson 2006; 
see white arrows, Figure 15A). Following rachis detachment, however, the ERM-1 pattern 
reveals that the cells have becomes significantly more spherical. This shape-change is consistent 
with cytoskeletal reorganization required for division; in the case of epithelial cells, proper 
mitotic divisions cannot occur without cell rounding because the mitotic spindles are unable to 
properly localize if the cell remains in a rigid, packed form (Sorce 2015). Similar changes in cell 
architecture –often referred to as “rounding up” – are present across many cell types and are 
reflective of changing interactions between the plasma membrane and the underlying 
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cytoskeleton (Thery 2008). Ultimately, these changes in structure facilitate a cell’s transition into 
metaphase. This “rounding up” was observed in both mutant and wild type spermatocytes, 
suggest that some aspects of rachis detachment occur independently of SPE-6 (see gray arrows, 
Figure 15A).  However, in the zone of the gonad immediately following rachis detachment, 
which follows the transition out of the karyosome stage, multinucleate cells are observed in spe-
6(hc49) male gonads (Shakes 2009; see light blue arrows, Figure 15A). Wild type and 
heterozygote germlines also display smaller cells at the most proximal end of the gonad that are 
undergoing meiotic divisions (see light pink arrows, Figure 15A). Interestingly, spe-6(hc49) 
germlines present with both large multinucleate cells and smaller spermatocytes detached from 
the rachis (see light blue and gray arrows, Figure 15A). However, the chromatin volume in these 
smaller, mononucleate spermatocytes suggests that these cells are not undergoing meiotic 
divisions, as seen in heterozygote and wild type males (see light pink and gray arrows Figure 
15A) Examination of the ERM-1 morphology in wild type, heterozygote, and mutant worms 
further confirms the presence of multinucleate cells in the most proximal regions of the gonad, 
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Div 
Figure 6: SPE-6 is expressed during pachytene 
and remains cytosolic until post-meiotic 
divisions 
A Epifluorescence micrographs of him-5, spe-6 
(hc49)/+, and spe-6 (hc49) gonads labeled with anti-
SPE-6 (exposures = 285/500/350 for 
WT/heterozygotes/mutants) and DAPI (blue). 
Colored lines indicate developmental stages: green – 
mitotic zone (MZ); yellow – transition zone (TZ), 
orange – pachytene (P), pink – diplotene (D), purple 
– late diplotene (LD), blue – karyosome (K), gray – 
diakinesis/divisions (Dia/Div), no line – spermatids 
(Sp); n=10 mutants 
B Diagram of SPE-6 localization in spermatocytes 
during TZ, P, D, LD, K, and Dia sub-stages of meiotic 
prophase I. Enlarged epifluorescence micrographs of 













































Figure 7: SPE-6 is required for MSP polymerization in C. elegans spermatocytes 
A Epifluorescence micrographs, 40X, of +/+ and spe-6(hc49) male germlines labeled with 
DAPI (blue) and anti-rabbit polyclonal MSP G3197 (red; gift from David Greenstein). MSP 
is present in both WT and spe-6(hc49) spermatocytes, but fibrous bodies are only 
observed in WT primary spermatocytes from late diplotene through the spermatid phase of 
development (white arrows). The absence of fibrous bodies in spe-6(hc49) spermatocytes 
in late meiotic prophase (light blue arrows) indicates that SPE-6 is required for MSP 
organization during late meiotic prophase, consistent with previous studies; n = 20 
mutants 
B Epifluorescence micrographs, 40X, of +/+ and spe-6(hc49) spermatocytes, labeled with 
DAPI (blue) and anti-rabbit polyclonal G3197 (red) during karyosome (K), diakinesis (Dia), 














































Figure 8: SPE-6 is not involved in synaptonemal complex assembly or breakdown 
A Epifluorescence micrographs of +/+, spe-6 (hc49)/+, and spe-6 (hc49) gonads labeled with anti-
SYP-4 (green) and DAPI (red). Colored lines indicate advancing stages of development as cells 
move proximally (green – mitotic zone, yellow – transition zone, orange – pachytene, pink – 
diplotene, purple – late diplotene, blue – karyosome); n=17. B Enlarged epifluorescence 
micrographs of him-5, spe-6 (hc49)/+, and spe-6 (hc49) spermatocytes during the pachytene (P), 







































Figure 9: P granule morphology and major transitions are not dependent on 
SPE-6 kinase 
A: Epifluorescence micrographs, 40X, of spe-6 (hc49)/+, and spe-6 (hc49) gonads 
labeled with anti-KT2 (red) and DAPI (blue). Colored lines indicate advancing stages 
of development as cells move proximally (green – mitotic zone, yellow – transition 
zone, orange – pachytene, pink – diplotene, purple – late diplotene, blue – 
karyosome, gray - diakinesis); white asterisks indicate presence of P granules in 
germline stem cells, blue asterisks indicate brighter P granule labeling beginning in 
mid-pachytene, and gray asterisks indicate disappearance of P granules during 
karyosome; n=8 mutants. 
B: Enlarged epifluorescence micrographs, 60X, of spe-6 (hc49)/+, and spe-6 (hc49) 
spermatocytes during the pachytene (P), early diplotene (ED), late diplotene (LD), 
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Figure 11: Nuclear envelope breakdown in spe-
6(hc49) spermatocytes suggests progression into 
pro-metaphase I 
A Epifluorescence micrographs, 40X, of wild type and 
mutant male germlines labeled with MAb-414 anti-
nuclear pore antibody (green). Pro-metaphase 
spermatocytes labeled with white asterisks; n = 47 
mutants 
B Epifluorescence micrographs, 60X, of wild type and 
mutant male spermatocytes labeled with MAb-414 anti-






















































Figure 12: Mitotic proteins phosphorylated properly in the absence of SPE-6 
A Epifluorescence micrographs of spe-6 (hc49)/+, and spe-6 (hc49) gonads labeled 
with anti-MPM-2 (green) and DAPI (blue) from the same immunoprep. White arrows 
indicate initial turn-on of MPM-2 labeling, while gray arrows indicate increased 
intensity in the last stages before the meiotic divisions. Blue arrows indicate MPM2 
labeling of centrosomes. n = 6; exposures for MPM2 labeling: 2500/2500, 
heterozygote/mutant 
B Diagram of MPM-2 localization in spermatocytes during pachytene (P), diplotene 
(D), late diplotene (LD), karyosome (K), diakinesis (Dia), prometaphase (PM), and 

























































































































































































































































































































































































































































































































































































































































































































































































































































L4+27h L4+15h L4 
A B 
Figure 14: Novel defect suggests that SPE-6 is required for rachis detachment. 
A Epifluorescence micrographs, 40X, of spe-6 (hc49)/+ and spe-6 (hc49) gonads from 
males of various ages labeled with rhodamine phalloidin (red) and DAPI (blue). 
Rhodamine phalloidin labels only polymerized actin structures (F-actin), which allows 
visualization of the syncytium and cellular boundaries.  This study revealed large 
multinucleate cells in the proximal gonad of spe-6 (hc49) mutant, most likely indicating 
a defect in coordinated rachis detachment in the absence of SPE-6. White arrows 
indicate diplotene-stage cells that are still attached to the central syncytium in both WT 
and the mutant. Gray arrows mark cells that have detached from the rachis, but many 
of these cells in the mutant spe-6 (h49) contain multiple chromatin masses; n = 2-5 
mutants per age group 
B Epifluorescence micrograph, 60X, of spe-6(hc49) male gonad labeled with 

















































































































































































































































































































































































































































































































































































































































































Meiosis, particularly the first, reductive division, is extraordinarily complex, and as such 
requires extensive preparation. The extended prophase of the first meiotic division provides 
developing gametes the opportunity to carry out this intense preparation. When components of 
this developmental stage are altered, catastrophic consequences, such as failure to produce 
functional gametes, may result (Lee 2009, Klovstad 2008, Updike 2011). In the case of spe-
6(hc49) C. elegans, lack of functional SPE-6 protein prevents sperm production, forcing 
spermatocytes to arrest in late meiotic prophase, prior to the transition into the division phase 
(Varkey 1993). Ultimately, this results in complete male infertility and prevents self-fertility in 
hermaphrodites. A systematic review of whether particular developmental events occur properly 
in the absence of SPE-6 could isolate potential roles for the protein in spermatogenesis. This 
review included three main avenues of investigation: 1) in spermatocytes lacking functional 
SPE-6, what events of late meiotic prophase are relatively unaffected?; 2) can new markers 
provide a more precise characterization of the spe-6(hc49) arrest, originally classified as a 
nuclear arrest in diakinesis?; 3) in the absence of functional SPE-6, is there a defect in rachis 
detachment?  
 Initial studies of spe-6(hc49) worms did not extensively characterize whether central 
aspects of late meiotic prophase occur uninterrupted by the absence of SPE-6. Examination of 
synaptonemal complex formation in the transition zone, and subsequent degradation over the 
course of the diplotene sub-stage revealed no significant abnormalities in spe-6(hc49) 
spermatocytes as compared to wild type cells. Similarly, there were no observed defects in P 
granule morphology in mutant worms, suggesting that this aspect of germ cell identity is able to 
remain intact even in the absence of SPE-6 (Updike & Strome 2010). P granules have also been 
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implicated as a potential mechanism of post-transcriptional regulation, by sequestering mRNA 
molecules, simultaneously preventing the degradation and transcription of mRNA. Therefore, the 
presence of normal P granules observed in spe-6(hc49) worms suggests that this crucial 
regulatory mechanism for protein expression in development is not directly controlled by SPE-6. 
This investigation, though limited in scope, did not reveal any novel developmental defects in 
these aspects of late meiotic prophase, which is especially interesting considering that SPE-6 is 
initially expressed in mid-pachytene, suggesting it could have an important role in that 
developmental stage. 
 The karyosome stage is a critical component of late meiotic prophase; defects in this 
stage can often cause severe developmental issues later on. This stage has been posited as a 
potential holding stage for cells, providing the opportunity for important chromatin remodeling 
prior to the meiotic divisions. In C. elegans, the karyosome stage is an important component of 
late meiotic prophase in spermatogenesis, but it was not identified until 2009 (Shakes 2009). 
Therefore, previous studies of spe-6(hc49) worms were conducted without the context of this 
developmental stage. One of the goals of this investigation was to examine many hallmarks of 
the karyosome stage in wild type worms, and compare these findings to events in spe-6(hc49) 
animals. This included careful investigation of events in late diplotene that facilitate transition 
into the karyosome stage, including nucleolus breakdown and RNAP II inactivation, the latter of 
which allows for the karyosome hallmark of transcriptional inactivity (Shakes 2009). Both of 
these events occur normally in the absence of SPE-6. In addition, chromatin detachment from the 
nuclear envelope and subsequent condensation, as determined through labeling of nuclear pore 
and phosphohistone H3 ser10 (pHisH3 ser10) structures, appear to be largely unaffected by the 
absence of SPE-6. Taken together, these markers suggest that major aspects of karyosome entry 
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are not dependent on SPE-6. Similarly, events related to karyosome exit appear largely 
unaffected in spe-6(hc49) mutants. As in wild type, pHisH3 ser10 labeling of the chromatin 
persists beyond karyosome stage in mutant worms (Shakes 2009). This phenotype is also 
reported in oocytes because the cell cycle Aurora kinases are responsible for histone H3 ser10 
phosphorylation during meiosis (Ding & Swain 2010). In addition, there does not appear to be 
premature breakdown of the nuclear envelope in the absence of SPE-6, suggesting that this 
kinase is not involved in this process. However, it remains unclear whether normal vesiculation 
of the nuclear envelope occurs in mutant spermatocytes. In general, major aspects of the 
karyosome stage seem to be independent of SPE-6, suggesting both that SPE-6 is not directly 
involved in this process, and that the developmental arrest that occurs shortly following the 
karyosome stage is unlikely to be the fallout of a subtle defect in late meiotic prophase. 
Further investigation of the originally described spe-6(hc49) phenotype provides greater 
understanding of the arrest point both in the nucleus and the cytoplasm (Varkey 1993). Labeling 
of the nuclear envelope reveals that this structure breaks down in some spe-6(hc49) 
spermatocytes at the most proximal region of the gonad, suggesting that these cells have 
potentially moved beyond diakinesis, contrary to prior investigation (Varkey 1993). Nuclear 
envelope breakdown is typically a hallmark of the transition from diakinesis to pro-metaphase 
(Shakes 2009). However, since nuclear envelope breakdown is typically mediated by members 
of the cell cycle cascade in the cytoplasm, nuclear envelope breakdown in the spe-6(hc49) 
spermatocytes does not necessarily indicate that the chromatin has advanced beyond diakinesis. 
This event could suggest, however, that another major aspect of cell cycle, in addition to spindle 
and centrosome formation and duplication, progresses in the absence of SPE-6. This is supported 
by positive MPM-2 staining in more mature spe-6(hc49) spermatocytes, which indicates that 
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substrates of cell division-induced phosphorylation cascades are phosphorylated (Morgan 2007). 
These results demonstrate that the cytoplasmic entry to M phase is not directly mediated by SPE-
6, though chromatin progression into this stage may be.  
 A novel cellularization defect suggests a new role for SPE-6 in the process of rachis 
detachment. This process normally occurs during the transition from karyosome to diakinesis, 
one of the final events prior to the meiotic divisions (Shakes 2009). Labeling of polymerized 
actin and the peripheral plasma membrane protein, ERM-1, reveals multinucleate cells in the 
region of the gonad proximal to the zone of rachis detachment in spe-6(hc49) males, even at very 
young ages. Multinucleate cells could theoretically be the result of incomplete fission, improper 
fusion, or abnormal rachis detachment. However, the size of the chromatin masses suggests that 
incomplete fission is not the source of these multinucleate cells. Multinucleate cells often, but 
not always, appear to have greater volumes than neighboring mononucleate cells, which could 
suggest an improper fusion event. However, the similarity between the spe-6(hc49) phenotype 
and the ANI-2 depletion phenotype provides further support that the multinucleate cell 
phenotype in spe-6(hc49) worms may result from a defect in rachis detachment (Amini 2014). 
ANI-2 belongs to the anillin family, a group of actin-binding proteins that have roles in 
mediating major cytoskeletal changes, such as cleavage furrow structure and ingression. ANI-2 
is enriched at the bridge between the rachis and the cell, stabilizing the contractile actin-myosin 
ring that allows for the exchange of materials between developing spermatocytes and the shared 
syncytium (Amini 2014). This ANI-2 localization is thought to be downstream of the RHO-1 
GTPase activity during embryonic development, when the rachis is formed (Goupil 2017). The 
ring also contains ANI-1, as well as actin and nonmuscle myosin II (NMY-2). As the G2-M 
transition approaches, the ring complex gradually begins to contract, eventually allowing the 
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spermatocyte to pinch off from the rachis during the transition from karyosome to diakinesis. 
This rachis detachment process has been shown to be dependent on ANI-2 in hermaphrodites – 
in its absence developing oocytes become multinucleate during rachis detachment. Based on the 
chromatin morphology, multinucleate oocytes also display a developmental arrest at diakinesis 
(Amini 2014). Given the striking similarities of ANI-2 depletion to the spe-6(hc49) phenotype, it 
is possible that SPE-6 could be acting upstream of rachis detachment via ring contractility. If the 
rachis detachment defect observed in spe-6(hc49) spermatocytes is associated with a disruption 
of ANI-2, it could also offer a potential explanation for the nuclear arrest observed in 
spermatocytes lacking SPE-6. 
 Collectively, these results reveal a previously-undescribed role for SPE-6 in preventing 
the generation of multinucleate cells, likely during rachis detachment, in addition to further 
characterizing the arrest point and ruling out several potential chromatin organization defects. 
Given the identity of SPE-6 as a kinase and a potential master regulator, it may lie upstream of a 
pathway that controls rachis detachment. The multinucleate cell phenotype suggests a possible 
connection between SPE-6 and the organization of the contractile ring, which may be mediated 
by ANI-2. This could suggest a new set of potential binding partners or phosphorylation 
substrates for further investigation. This potential role for SPE-6 in development also has 
important implications for understanding infertility in other organisms, including humans. In 
addition, further characterization of the role of SPE-6 may also shed light on the activity of its 
human homology, TTBK2, which has been implicated in development of spinocerebellar ataxia 





This study aimed to better characterize the role of the kinase, SPE-6, in the transition 
from meiotic prophase to the meiotic divisions of C. elegans spermatogenesis. This was 
accomplished through the use of new markers to define major aspects of this transition. These 
results suggest that several events in late meiotic prophase that appear to be largely independent 
of SPE-6 include: synaptonemal complex assembly and disassembly, P granule morphology, 
nucleolus breakdown, transcriptional downregulation, and chromatin condensation, appear to be 
largely unaffected by the absence of SPE-6. Use of new cell cycle markers and inspection of 
nuclear envelope structure offer a potential new nuclear arrest point for spe-6(hc49) 
spermatocytes in pro-metaphase, rather than diakinesis, as originally described (Varkey 1993).  
In addition, examination of rachis detachment in spe-6(hc49) mutants suggest a previously-
undescribed role for SPE-6 in this process. Given the results of this investigation, there are 
several proposed avenues for further inquiry. These include: 1) examination of an intermediate 
spe-6 phenotype and elimination of the potential effects of a mutation protected by the balancer 
chromosome in the spe-6(hc49) strain; 2) continued definition of the spe-6(hc49) spermatocyte 
arrest phenotype; and 3) further characterization of multinucleate spermatocyte genesis. 
Examination of spe-6 trans-heterozygote phenotype 
One of the most important next steps involves ruling out any potential effects of a potential 
mutation protected under the balancer chromosome in the BA606 spe-6(hc49) unc-25(e156) III; 
eDp6 (III;f) strain. In order to maintain the spe-6(hc49) unc-25(e156) allele in the population, the 
mutant form of chromosome III is paired with a balancer chromosome, in this case a free 
duplication of a segment of chromosome III. When one copy of the balancer is present, the worm 
develops normally and is fertile (see Figure 16A). However, two copies of the balancer 
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chromosome result in embryonic lethality, ensuring that every member of the population as at 
least one allele of spe-6(hc49) (see Figure 16A). On the whole, spe-6(hc49) mutants tend to be 
smaller and clearer than their wild type counterparts, suggesting that they aren’t consuming as 
much bacteria. This phenotype could be due to the null mutation, but it could also potentially be 
the result of an unknown mutation linked to the spe-6(hc49) allele on chromosome III, and 
thereby protected by the balancer (see Figure 16B). Further investigation into a potential hidden 
mutation associated with the spe-6(hc49) allele could involve eliminating this homozygosity for 
this allele through the use of a trans-heterozygous worm. This worm would have two different 
spe-6 null alleles, making it homozygous for a spe-6 mutation, so that functional SPE-6 protein 
production is reduced or eliminated. However, this worm would not be homozygous for the spe-
6(hc49) allele, as well as any potential mutations linked to this allele. Therefore, any phenotype 
resulting from the absence of SPE-6 could be isolated from any effects of a secondary mutation. 
A potential allele candidate for this genetic cross, in addition to the spe-6(hc49) allele, is the spe-
6(hc187) allele (see Figure 16C). This is a temperature sensitive mutation that results in 
precocious sperm activation in worms raised at 25C (Peterson 2015). spe-6(hc187) worms do 
not typically present with spermatocytes arrested at the prophase to metaphase transition, 
indicating that it is not a null mutation. However, there is some evidence that when males are 
raised at very high temperatures, increasing the amount of stress on the worm, that the hc187 
phenotype begins move towards the severity of a null allele phenotype (Peterson 2015). A trans-
heterozygote possessing one spe-6(hc49) and a spe-6(hc187) allele on the other chromosome will 
retain the spe-6(hc49) phenotype without any impact from another mutation under the balancer. 
Examination of a spe-6 trans-heterozygote is also important because it has the potential to 
produce an intermediate spe-6 phenotype, somewhere between a null phenotype, characterized 
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by a developmental arrest, and a less severe phenotype, typically defined as a sperm activation 
defect. A trans-heterozygote would possess one spe-6(hc49) allele that produces no functional 
SPE-6 and one spe-6(hc187) allele that produces SPE-6 with increasingly impaired function at 
higher temperatures. This could result in an intermediate phenotype with the potential to reveal 
more about the role of SPE-6 in development and how it functions. In addition, the combination 
of a null allele and a temperature sensitive allele provides the opportunity to manipulate when in 
development functional SPE-6 is available. C. elegans could be upshifted during different stages 
in their lifespan in order to further elucidate the role of SPE-6 at various points in development. 
Continued definition of the meiotic arrest phenotype 
 Original characterization of the spe-6(hc49) arrest point involved a nuclear arrest at 
diakinesis alongside spindle formation and duplication (Varkey 1993). In arrested spermatocytes, 
tubulin asters often appear to dissociate from the nucleus, suggesting that microtubules are not 
able to properly attach to the chromosomes. Disrupted spindle attachment could stem from 
spindle defects or kinetochore defects. Close examination of meiotic spindles in this 
investigation did not entirely rule out the possibility of a spindle defect, but it did reveal that 
spindles and centrosomes appear to assemble normally in the absence of functional SPE-6. 
Therefore, future investigation should include examination of whether chromosomes are able to 
successfully assemble a kinetochore located on the centromere (Santaguida 2009). Kinetochores 
serve as the sites for spindle attachment to the chromosomes, ultimately allowing for division. 
Therefore, if the spe-6(hc49) developmental arrest is associated with disrupted spindle 
attachment, kinetochore defects could be a potential culprit. A kinetochore defect could result 
from a defect in a protein involved in forming the kinetochore complex, or from a defect in a 
centromere protein, the structure upon which the kinetochore is built.  In this investigation, 
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labeling of the centromeres with an antibody against a centromere protein, HCP-4, could have 
potentially determined whether centromeres are able to form normally in the absence of SPE-6 
(Moore 2005). HCP-4 belongs to a family of centromere proteins (CENPC), found across the 
animal kingdom, including in humans, which forms part of the inner kinetochore plate (McKay 
1994). In C. elegans, HCP-4 forms part of the inner kinetochore on holocentric chromosomes in 
sperm, and defects in HCP-4 are associated with failure to assemble a functional kinetochore 
(Moore 2001). However, there were some issues with immunostaining optimization, so this line 
of questioning remains to be pursued. Other potential visualization techniques include antibodies 
against the centromere protein HCP-2 or the kinetochore protein HIM-10. Labeling of the 
centromere or the kinetochore may determine whether centromeres and kinetochores are able to 
assemble properly in the absence of SPE-6. If either centromere formation or kinetochore 
assembly upon the centromere is disrupted in spe-6(hc49) spermatocytes, this could explain the 
observed spindle attachment defect. In addition, centromere and kinetochore morphologies may 
indicate whether the nucleus has actually progressed into the earliest phases of the meiotic 
division prior to arresting, or whether the nucleus is arrested in diakinesis, as originally reported. 
Further characterization of multinucleate spermatocyte genesis 
 Additional investigation into spe-6(hc49) spermatogenesis should also include continuing 
elucidate the novel rachis detachment defect. Given the striking similarities between the 
phenotypes of ani-2 (RNAi) and spe-6(hc49) mutants, anillin ring formation and contraction 
should be visualized in worms lacking SPE-6. This could include both immunostaining of ANI-2 
protein in fixed spe-6(hc49) spermatocytes or crossing of the spe-6(hc49) strain with a GFP-
tagged ANI-2 strain, allowing for live imaging of rachis detachment. Further investigation into 
ani-2 mutants could reveal whether some developmental defects exhibited by spe-6(hc49) worms 
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stem from failed rachis detachment. Potential fallout from disrupted rachis detachment could 
include the nuclear arrest observed in spe-6(hc49) spermatocytes. In addition, investigation of 
the SPE-6 expression and localization pattern in ani-2 mutants might also provide more 
information about a potential interaction – direct or indirect – between the two proteins. An co-
immunoprecipitation assay could be performed to determine whether ANI-2 an antibody against 
ANI-2 is ever associated with the SPE-6 protein. If so, this could implicate ANI-2 as a potential 
SPE-6 binding partner or substrate. This line of investigation could also identify which defects 
are separate effects of SPE-6 depletion – potentially the failure to assemble MSP, which has not 
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Figure 16: Protection of hidden mutations by balancer chromosome, and the trans-
heterozygote 
A Visualization of spe-6(hc49) and unc-25(e156) alleles (gray and violet, respectively) on 
chromosome III [UPPER] and eDp6 free duplication forms balancer chromosome III 
(green) [LOWER]. Right side presents possible chromosome combinations. 
B Visualization of spe-6(hc49) and unc-25(e156) alleles (gray and violet, respectively) on 
chromosome III, as well as novel mutation (yellow), protected by balancer [UPPER] and 
eDp6 free duplication balancer (green) [LOWER]. Right side presents possible allele  
combinations. 
C Genetics of trans-heterozygote with one spe-6(hc49) allele and one spe-6(hc187) allele 
(brown), thereby preventing homozygosity of potential new mutation hidden by balancer. 
Balancer chromosome 
hc49 chromosome 




for new mutation 













Materials and Methods 
C. elegans strains and protocols 
All worms were raised at 22°C on MYOB/agar plates seeded with OP50 E. coli culture 
(Church 1995; Brenner 1974). All strains were derived from the N2 Bristol strain, including: 
CB4088 him-5(e1490)V and BA606 spe-6(hc49) unc-25(e156) III; eDp6 (III;f). Mutant male 
spe-6(hc 49) worms used in experiments were obtained through a series of two crosses; first by 
mating homozygous spe-6(hc49) unc-25(e156) hermaphrodites with him-5(e1490) males. 
Heterozygote males resulting from this cross were then mated with spe-6(hc49) unc-25(e156) 
hermaphrodites, yielding a generation with 25% spe-6(hc49) unc-25(e156) males.  
Immunocytology 
Whole gonads were isolated from the worm body with individual dissections in Edgar’s Buffer 
(60 mM NaCl, 32 mM KCl, 3 mM Na2HPO4, 2 mM MgCl2, 2 mM CaCl2, 5 mM Hepes, pH 
7.2, 0.2% glucose) containing 250 M Levamisol (from  25 mM stock solution) on plus charged 
Colorfrost slides, Thermo Fisher Scientific (Miller & Shakes 1995; Boyd 1996). For all 
overnight methanol fixations, dissected samples were flattened through the application of a 
greased coverslip and frozen in liquid nitrogen (Miller & Shakes 1995). After removal from 
liquid nitrogen, the coverslip was removed and samples were fixed in chilled methanol at -20°C 
for at least 12 hours. Fixed samples were rehydrated in 1X Phosphate Buffer Solution (PBS) in a 
series of three five-minute washes. Slides were then placed in a blocking solution (PBS plus 
0.5% BSA, 0.1% Tween 20, and 0.04% sodium azide) for 20 to 60 minutes. Samples were then 
incubated with primary and secondary antibodies in a series of two 1.5- to 2-hour incubation 
periods. See Table 1 for precise timing and temperatures of incubation, as well as wash 
conditions. The first incubation period was followed by a series of washes in 1X PBS. The 
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second incubation period was followed by one or more short washes in 1X PBS, then a dip wash 
in DI H2O. Washed samples were mounted with 5 L mounting media (fluoro gel with DABCO 
and 1 g/mL 4',6-diamidino-2-phenylindol [DAPI]; Electron Microscopy Services). Primary 
antibodies used with methanol fixation include: anti-SPE-6, a rabbit polyclonal antibody against 
the C-terminal peptide epitope KSLSAEKSCTKNVETARTEK, Yenzyme; anti-MPM2 anti-
mouse monoclonal, DAKO Corporation, provided by Golden lab; anti-RNA Polymerase II CTD 
repeat YSTSPS (phospho S2) anti-rabbit polyclonal, Abcam; phosphohistone H3 serine10 anti-
rabbit polyclonal, Millipore; -tubulin clone DM1A anti-mouse Alexa Fluor 488-conjugated, 
SIGMA; ERM1 anti-mouse monoclonal, DHSB – deposited by Nonet, Hadwiger & Dour 
(Hadwiger, Dour & Arur, 2010); SPD2 anti-rabbit polyclonal, O’Connell lab; nuclear pore 
complex proteins Mab414-ChIP grade anti-mouse monoclonal, Abcam; MSP G3197 anti-rabbit 
polyclonal, gift from David Greenstein. See Table 1 for antibody concentrations and storage 
conditions. Secondary antibodies applied to samples include: Dylite FITC goat anti-mouse IgG 
(1:100), Jackson Immunoresearch  Laboratories; Alexa fluoro + 555 TRITC goat anti-rabbit IgG 
(1:400-1:800), Thermo Fisher Scientific; goat anti-rabbit IgG TRITC conjugated (1:400), 
Jackson Immunoresearch Laboratories. 
Although most samples were fixed with the methanol fixation protocol described above, 
several immunocytology studies were conducted using aldehyde fixation methods. The first 
protocol, used for SYP4 anti-rabbit polyclonal, Sarit Smolikove, involved isolating whole gonad 
from the worm body in dissection buffer on charged Colorfrost slides treated with poly-lysine 
solution (25 L 1:1 poly-lysine solution (Sigma-Aldrich catalog # P8920) and DI H2O solution 
shared between two slides). Samples were flattened with the application of a coverslip, and then 
placed in liquid nitrogen. Slides were then removed from liquid nitrogen and the coverslip was 
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removed, and slides were placed in chilled methanol for one minute. Following this, 100-150 L 
of fixation solution containing aldehyde (100 L 10XPBS, 640 L 0.25M HEPES buffer, 3.2 L 
EDTA, 254 L DI H2O, 3.2 L MgSO4, 1000 L 8% paraformaldehyde [PFA] stored at -20°C 
and thawed for 30 minutes in 70°C) was applied to sample for 30 minutes at room temperature. 
Following fixation, slides were washed in PBST (1 mL tween 20 [10% stock], 10 mL 10X PBS, 
89 mL DI H2O) for 5 minutes, and then placed in blocking solution for at least one hour. Primary 
antibody containing anti-SYP4 added to sample and incubated overnight at room temperature. 
The following day, carried out a 5-minute wash in PBST, and then added TRITC anti-rabbit 
secondary to sample. Incubated samples with secondary for two hours at room temperature, then 
washed slides for 5 minutes in PBST, followed by dip wash in DI H2O and mounting with 5 L 
mounting media. Slightly different aldehyde fixations were used for immunopreps involving 
KT2 anti-rabbit polyclonal (DSHB, deposited by Takeda & Sugimoto), used to label P granules, 
and rhodamine phalloidin (Molecular Probes, Thermo Fisher Scientific), used to label 
polymerized actin (Takeda 2008). 8% PFA solution stored at -20°C was thawed in 70°C water 
bath for 30 minutes. Worms were dissected in 8 L dissection media on poly-lysine slides. An 
equal volume of PFA fixative was added to sample, and slides were incubated for 15 minutes at 
room temperature. Samples were quenched in 0.1M glycine in PBS solution (5 mL 1M glycine, 5 
mL 10X PBS, 40 mL DI H2O) for at least 5 minutes. Cells in sample were permeabilized in 0.1% 
Triton x100 in PBS (50 L 0.1% Triton, 5 mL 10X PBS, 45 mL DI H2O) for one minute. Slides 
were then washed in 1XPBS for 5 minutes, and then incubated with rhodamine phalloidin diluted 
in 1XPBS for 15 minutes, and then conducted a series of three five-minute washes in 1XPBS. 
This wash sequence was followed by a dip wash in DI H2O and mounting with 5 L mounting 
media. 
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